Fast-spiking (FS) cells in layer IV of the somatosensory cortex receive direct thalamocortical (TC) input and provide feed-forward inhibition onto layer IV excitatory cells. The level of synchronous firing of FS cells will affect the shape of this feed-forward output. Two factors that contribute to the synchrony are correlated TC input and electrical coupling between FS cells. Using a cell-pair model, we show that these two factors act synergistically to increase synchrony, and we examine the underlying mechanism. r
Introduction
Sensory information provided by the whiskers of mice, rats, and rabbits is carried from barreloids in the ventroposterior medial thalamus (VPM) to barrels found in the primary somatosensory cortex (S1) [10] . Thalamocortical (TC) cells from the VPM form primary synapses with two types of cells in layer IV of the cortex: regularspiking (RS) excitatory cells and fast-spiking (FS) inhibitory interneurons [3] . Because FS cells receive monosynaptic input from the TC cells and synapse directly on RS cells, they are thought to be responsible for fast feed-forward inhibition to the RS cells [6, 14] . Therefore, the network of FS cells is believed to play an important role in information processing in the cortex [13] . To understand how information is transformed in this layer, it is essential to understand the dynamics in the FS cell network.
In vivo, FS cells in a single barrel often fire in sharp synchrony [17] . This suggests that an important attribute of the FS cells within a single barrel is that they act in concert. Indeed, the level of synchrony in the FS cell population will determine the temporal structure of the feed-forward inhibition and thus shape the activity of the RS cells. Several different network features could contribute to the observed correlation between FS cells. In the present study, we consider the effects of two factors that can contribute to synchronous firing: convergent input from diverging TC synapses [16] [17] [18] and the electrical coupling between FS cells [1, 3, 6] . Other possible factors that affect synchrony include feedback from RS cells [3] and inhibitory connections between FS cells [6, 11, 20] . However, we do not consider these factors here.
In previous work using a 400 FS cell network [15] , we have shown that shared TC input or electrical coupling alone produces a small amount of correlated firing. However, if both factors are present, they produce a substantially larger correlation than would be predicted by simply adding the correlations obtained when electrical coupling and shared TC input are considered separately. In this paper, we demonstrate the existence of this synergistic effect in a cell-pair model and use the model to identify the mechanisms underlying the effect. Fig. 1 shows a schematic of the cell-pair model network. The intrinsic firing properties of the FS cells are described by a spike-response model for the FS cell [8] , which is a direct reduction of a single-compartment conductancebased model for neocortical FS cells [4] . Parameters were picked to match experimental data as closely as possible. FS cells had a membrane resting potential of À74 mV [5] , a threshold of V TH ¼ À50 mV [6] , a resting membrane conductance of g m ¼ 30 nS, and a membrane time constant of 4 ms [3] .
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Model description
The electrical coupling current flowing from cell i to cell j is described by:
, where V j is the membrane potential of cell j (j ¼ 1,2). The coupling conductance g El is defined as g m [CC/(1ÀCC)], where the coupling coefficient (CC) is set to 0.095 [1] . Each FS cell has an independent TC input and a common TC input. The parameter r is the ratio of the common TC input to the total TC input into an FS cell and is used as a measure of the correlation of the TC input. The total TC input is kept constant so that the FS cells fire at a frequency of approximately 15 Hz [19] . Each TC input represents the firing of many TC cells and is modeled by describing the spontaneous firing times as independent homogeneous Poisson processes with a rate ranging between 0 and 3.3 kHz. A delta-function at each spike time is convolved with an alpha-function to give the synaptic input conductance to match 1 mV EPSPs in [3] (t ¼ 0:2 s and g TC ¼ 3.14 nS).
Synchrony is defined as both cells firing an action potential within 71ms (D ¼ 1 ms) of each other. The level of synchrony is calculated by: [8] , where N 1 is the number of spikes in the reference spike train, and N 2 is the number of spikes in the target spike train. N coinc is the number of coincident spikes in two spike trains with a precision of D. /N coinc S ¼ 2 nDN 1 is the mean number of spikes predicted by a homogenous Poisson process that has the same firing rate as cell 2. M ¼ 1À2nD normalizes the correlation to a maximum of 1, where n equals the firing rate of cell 2.
Results
The current due to TC input (I TC ) is much larger than that due to electrical coupling (I El ) (Fig. 2, lower traces) . Although I El can transiently reach values of up to 400 pA, this is still small in comparison to the driving I TC . However, as shown in Fig. 2 (upper traces) , the addition of electrical coupling can substantially increase the pairwise synchrony.
The top and bottom curves in Fig. 3 show the synchrony between the FS cells as a function of TC input correlation ðrÞ for the conditions of electrical coupling and no electrical coupling, respectively. In both cases, output correlation increases with r. With weak electrical coupling alone, there is only a small amount of synchrony (0.06) as indicated by the correlation value at r ¼ 0 in Fig. 3 . If the effects of electrical coupling and TC input correlation were to sum linearly, the bottom curve would only be shifted up by the constant amount 0.06 (Fig. 3, dashed curve) . However, the correlation when both shared TC input and electrical coupling are present is considerably above this line, indicating that these factors interact in a cooperative manner.
In order to understand the mechanism underlying this synergy between shared input and electrical coupling, we examine the spike-triggered averages (STA), triggered at V TH ¼ À50 mV, for both the input TC current and the difference in the cell's voltages (V 1-2 ¼ V 1 -V 2 ). Note that V 1-2 is proportional to I El . The STA of I TC is invariant to changes in r, indicating that I TC is not playing a role in the observed synergy (Fig. 4, column 1) . For the STA of V 1-2 , a negative trend is seen near t ¼ 0 when electrical coupling is not present (Fig. 4, column 2, dashed line) . This negative trend decreases with r. For low values of r, the cell's voltages will be relatively uncorrelated, and thus when cell 2 is near V TH , it is unlikely that cell 1 is also close to V TH . This causes V 1-2 to be negative. As r increases, the two cell's voltages are more correlated. Thus, when V 2 is near V TH , it is more likely that V 1 is near V TH , causing V 1-2 to be less negative. When electrical coupling is added, a negative trend near t ¼ 0 is also observed for lower values of r. However, contributions from I El can push cell 2 over threshold. If this event occurs at a high enough frequency, then a positive trend near t ¼ 0 will be observed in the STA. If for low values of r, an STA is constructed from only synchronous events, a positive trend is also observed (data not shown).
When comparing the STAs of V 1-2 with and without electrical coupling for a fixed r, a confounding factor is that the output correlation is different. It is possible that the difference in the STAs is solely due to this difference in correlation and the shape of the action potential. However, if we compare the STAs for the case with electrical coupling at r ¼ 0:6 to the case without electrical coupling at r ¼ 0:9, where both have the same output correlation ($0.2), then a difference in STAs for V 1-2 can still be seen. This suggests that the positive trend is indeed due to contributions from I El .
To examine the ability of electrical coupling to synchronize activity at subthreshold potentials, the electrical synapse was turned off when either V 1 or V 2 was above À58 mV. This eliminates any effect that action potentials have on synchronizing the cells [19] . The rectifying electrical synapse produces pairwise correlations (Fig. 3,  dotted line) well below the linear summation prediction (Fig. 3, dashed line) . Additionally, voltage-triggered averages of V 1-2 were constructed triggered at V 2 ¼ À60 and À70 mV. These traces were nearly flat (data not shown), indicating that electrical coupling has very little effect on the cell's voltage at subthreshold levels.
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Conclusions
We have found that the weak electrical coupling between FS cells can interact synergistically with shared TC input to substantially increase synchronous firing of the FS cells. This synergy is predominantly dependent on the effects of action potentials in FS cells. I El is maximal when one cell fires an action potential, and a cell is most sensitive to perturbations when its membrane potential is close to threshold. Therefore, a cell that is near threshold can readily fire in response to I El that is flowing from a cell undergoing an action potential. Correlation in the TC input can produce a loose synchrony that can bring cells close to threshold at similar times. This allows the electrical coupling to further synchronize the cells as described above, thus leading to the synergistic synchronizing effect of shared TC input and electrical coupling. Because electrical synapses are weak, I El is small compared to the large I TC fluctuations, and therefore subthreshold interactions through the electrical synapses have only a very small effect on synchronizing FS cell firing.
In this modeling study, we did not include recurrent inhibition between FS cells and feedback from the RS cells. Additionally, we have examined the model under spontaneous conditions only. To further understand the FS network's effect on incoming sensory information, it will be necessary to study the response to stimulus-evoked input in a more complete model of layer IV circuitry. However, we believe that the synergistic mechanism we describe here will carry over to more detailed models.
